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Abstract: In patients with acute
respiratory distress syndrome
(ARDS), in supine position, there is a
decrease of inflation along the ster-
num vertebral axis, up to lung
collapse. In 1991 we published a
report showing that, in ARDS
patients, shifting from supine to prone
position led immediately to the
inversion of the inflation gradient and
to a redistribution of densities from
dorsal to ventral lung regions. This
led to a ‘‘sponge model’’ as a wet
sponge, similar to a heavy edematous
lung, squeezes out the gas in the most
dependent regions, due to the weight-
related increase of the compressive
forces. The sponge model accounts
for density distribution in prone
position, for which the unloaded
dorsal regions are recruited, while the
loaded ventral region, collapses. In
addition, the sponge model accounts
for the mechanism through which the
positive end-expiratory pressure acts
as counterforce to oppose the col-
lapsing, compressing forces.The final

result of proning was that the inver-
sion of gravitational forces, together
with other factors such as lung-chest
wall shape-matching and the heart
weight led to a more homogeneous
distribution of inflation throughout
the lung parenchyma. This is associ-
ated with oxygenation improvement
as the dorsal recruitment, for ana-
tomical reasons, prevails on the
ventral de-recruitment. The more
homogeneous distribution of inflation
(i.e. of stress and strain) decreases/
prevents the ventilator-induced lung
injury, as consistently shown in ani-
mal experiments. Finally, and a series
of clinical trials led to the conclusion
that in patients with severe ARDS,
the prone position provides a signifi-
cant survival advantage.
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Introduction

In 1991, we published a study in Anesthesiology in which
we used quantitative CT scan analysis to compare the
effects of prone and supine positioning in patients with
acute respiratory distress syndrome (ARDS) [1]. The
main finding was that, unexpectedly, the lung densities in
prone position redistributed from dorsal to ventral
regions, but the average lung density remained

unchanged. Twenty-two years later, we have been offered
the privilege of discussing the overall impact of this
article on our scientific community and its fallout in
clinical practice. We must first position that study in the
time frame in which it was conceived, designed, con-
ducted and analyzed. The findings and analysis of that
article led to the development of the ARDS ‘‘sponge
lung’’ model [2], which best explains the density redis-
tribution and, in the following years, provided the
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pathophysiological background to explain the effects of
prone position on the stress and strain distribution
throughout the lung parenchyma and its possible benefi-
cial impact on outcome. In addition, the ‘‘sponge model,’’
originating from this article, accounted for lung recruit-
ability, gas exchange and finally the primary mechanisms
of positive end-expiratory pressure (PEEP).

The time frame

Rediscovering the prone position

The prone position, to our knowledge, was first described in
the intensive care literature in two papers: a theoretical one
by Bryan et al. [3] stressed its potential beneficial impact on
lung mechanics, and a second one by Piehl et al. [4] reported
dramatic effects on oxygenation improvement. Unfortu-
nately, as often happens when times are not ripe, these
potentially seminal papers were substantially overlooked,
with no impact at all on the community, which was not ready
to accept their conclusions.

Years later, independently, in the same month both
Maunder [5] and our group [6] reported studies focused
on the findings from chest CT scans in patients with
ARDS. Maunder et al. called attention to the preservation
of normal regions of the lung, while we were more sur-
prised by its non-homogeneity. With CT scans we could
define the ‘‘amount of disease,’’ represented by non-aer-
ated tissue, the ‘‘working lung,’’ represented by well-
aerated tissue, and an intermediate zone that we called
poorly inflated tissue. When we compared the anatomical
characteristics of the ARDS patients with the physiolog-
ical variables, the main finding was that the amount of
well-aerated tissue was closely related to the compliance
of the respiratory system, indicating that the lung was not
stiff but rather small [7]. This view developed into the
baby lung model. Accordingly, in an adult with ARDS,
the ‘‘working’’ ventilatable lung has the dimensions of the
lung of a 3–6-year-old child.

As the densities representing atelectasis/consolidated
tissue were mainly in the dependent lung regions, the
baby lung was obviously located, in supine position, in
the ventral regions. Therefore, our model of ARDS, in the
late 1980s, consisted of an anatomically well-defined
baby lung in the ventral regions, which accounted for the
reduced lung compliance and provided the gas exchange
associated with a mass of collapsed diseased/edematous
tissue in the dorsal lung regions, unventilated and the
cause of venous admixture [8, 9]. It thus became quite
natural for us, when the patient came back from the CT
scan facilities to the intensive care unit, to put him in the
prone position, aiming to redistribute the blood flow from
the posterior unventilated lung to the now dependent baby

lung. This maneuver often achieved spectacular increases
in oxygenation.

In 1988, the curiosity of a young doctor wanting to
prove the validity of the flow redistribution hypothesis led
him to take a CT scan with the patient in prone position.

To his and our absolute surprise, when we were called
to see the CT scan, we saw that the baby lung had dis-
appeared from the ventral zone and a new baby lung had
appeared in the dorsal regions with no changes in the
pressures at which the CT scan had been taken. This
chance finding, which we reported in Chest [10], induced
us to organize a study to confirm the density redistribution
prospectively and introduce regional analysis of the lung
parenchyma to understand the mechanism. We must bear
in mind that at that time phenomena such as atelectrauma,
biotrauma and stress/strain distribution were largely
unknown.

The sponge lung model

The most immediate possible explanation for the density
redistribution on shifting the patient from the supine to
prone position is the shift of the edema, with gravity,
throughout the lung parenchyma. This, however, contrasts
with the fact that the dense lung edema cannot flow freely
through tissues, especially considering that lung density
redistributes in the few minutes necessary to take a CT
scan in prone position. If the density redistribution cannot
be attributed to an excess of fluid in the dependent
regions, the only explanation is that it is due to a decrease
in gas content. In fact, we must remember that densities
computed from CT scan analysis are the ratio of the tissue
mass to the tissue volume (nearly identical to tissue mass
as their ratio is nearly 1) plus gas volume.

To prove that this was the mechanism, we had to
investigate the regional tissue mass distribution, noting
that ‘‘tissue mass’’ includes the parenchyma, blood,
edema and cell debris present in the lung. Therefore, we
divided the lung parenchyma into ten levels from ventral
to dorsal, computing the CT characteristics of each level.
In each level, the amount of tissue mass in ARDS patients
was almost double that in normal subjects, indicating that
excess tissue mass, likely the edema, is quite evenly
distributed, at least in patients with severe ARDS (Fig. 1).
Therefore, our explanation for the density redistribution
was that the increased weight of the non-dependent lung
regions, which we quantified with superimposed pressure,
progressively compressed the dependent lung regions
along the gravitational axis. This concept was later sum-
marized as ‘‘the sponge model’’ in an editorial in JAMA
[2]. Accordingly, the size of the sponge holes decreases
along the vertical axis when the sponge is wet compared
to dry. Therefore, although the ARDS lung appears non-
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homogeneous at CT scan because of its uneven state of
inflation, its excess tissue mass appears homogeneously
distributed [11]. Moreover, the inflammatory cell activity
appears present throughout the whole lung, independent
of the inflation status, as shown by positron emission
tomography [12]. This mechanism is at work in normal
subjects too, causing a well-known reduction in alveolar
size in dependent lung regions. In ARDS, where the lung
is 2–3 times heavier than normal, in supine position the
potentially open alveoli in the dorsal dependent region
collapse. In prone position they can open up as the
superimposed pressure of the dorsal regions is released
while the ventral regions are compressed. This mecha-
nism is also the basis for the action of PEEP, which works
as a counterforce to gravity [13].

Therefore, the findings from the study we are revisit-
ing led to the introduction of concepts such as edema
distribution, superimposed pressure and PEEP action, and
later on—as we will discuss—to stress and strain distri-
bution, gas exchange behavior and possible clinical
outcome benefits.

Prone position and gas exchange

The first report documenting an improvement in oxy-
genation was consistently confirmed by all the studies
using prone position [14], and in a substantial portion of
patients the oxygenation improvement persisted even
after returning to the supine position [15, 16]. This
appears purely due to mechanical forces, as has been

observed not only in ARDS, but also hydrostatic edema
[17, 18], after surgery and trauma. In the article in
Anesthesiology, we showed that the decrease in density in
the dorsal regions was associated with increasing density
in the ventral regions, leaving the average density of the
lung unchanged.

The improvement in oxygenation associated with
recruitment, however, is only possible if the de-recruit-
ment of the ventral regions does not offset the recruitment
of the dorsal ones. Let’s consider, as an example, an
elliptical-shaped lung, in supine position, in which the
gravitational forces would cause a complete collapse of
the dorsal-dependent half. When turned prone, the dorsal
half, previously collapsed, will open, while the ventral
half, previously open, will collapse. However, as the
amount of open and closed mass will be the same in both
positions, if the perfusion does not change, the venous
admixture will remain the same as well as the oxygena-
tion. In contrast, in a triangular-shaped lung, the dorsal
regions include more tissue mass than the ventral ones.
Therefore, in prone position, if the lung collapse occurs at
the same middle level, the tissue that regains aeration is
more than the collapsed tissue (see Fig. 2). Consequently,
with unchanged perfusion, the venous admixture will be
lower in prone position and the oxygenation will be bet-
ter. This fluid-like ‘‘sponge model’’ based on the
superimposed pressure has been challenged by other
authors who explained the density differences by the
necessity of matching two structures, the lung (cone) and
the chest wall (cylinder), with different shapes. Accord-
ingly, the tip of the cone in supine position will expand to

Fig. 1 The gas:tissue ratio as a function of lung height in the
supine (rhombus) and prone (circles) positions. The white symbols
refer to normal lungs (14 patients) and the black symbols to lungs
of patients with adult respiratory distress syndrome (ARDS) (20
patients). The height = 0 refers to the ventral surface in the supine
position and to the dorsal surface in the prone position. The height
scale direction is from nondependent (0) to dependent (100).
Reproduced from Ref. [11] with permission

Fig. 2 Changes in the shape of the lung on shifting from the supine
to the prone position, quantified by dividing the area in two (at
50 % of the ventral/dorsal distance), the upper (U) and lower
(L) compartments, and calculating the U/(U ? L) ratios in both
positions. The difference in U/(U ? L) ratios between the prone
and supine positions (DU/(U ? L) ratio) gives a quantitative
indication of the change in lung shape. Examples show a perfectly
symmetrical lung (ellipse, upper panel) with DU/(U ? L) = 0 and
a triangular lung with DU/(U ? L) = 50 %
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match the cylinder, while in prone position it would
accommodate the changes of the chest wall shape due to
gravity. Other factors, however, may affect the density
redistribution, such as the abdominal pressure [19, 20]
and the heart weight [21, 22]. All these factors are likely
involved to different extents in inducing density redistri-
bution and explain why the decrease in density in prone
position along the vertical axis is smoother than its
decrease in supine position. In fact, the rate of density
decrease in a fluid-like lung would be identical in both
positions. It must be noted, however, that among all the
factors that may contribute to the densities redistribution,
the one that changes more in ARDS is the lung mass, i.e.,
the superimposed pressure. In summary, whatever the true
explanation is, one fact holds true: in prone position, the
density redistribution in the lung behaves more or less as
a wet sponge. As a consequence, a greater open lung mass
is available in prone position [11].

That ventral de-recruitment does not offset dorsal
recruitment has been shown in animal models [23] in
which ventilation was greater in the dorsal regions in
prone position, with the perfusion evenly distributed, as
also documented with the microsphere technique by
Walther et al. [24]. Therefore, the primary mechanism of
oxygenation improvement appears to depend on dorsal
recruitment being greater than ventral de-recruitment,
with unmodified lung perfusion.

In general, vasoconstriction does not appear to change
in the prone patient; consequently, nitric oxide inhala-
tion—in all the studies in which it was tested—had an
additive effect on oxygenation [25–28]. Less attention has
been paid to the CO2 clearance than oxygenation, although
its improvement has been associated with greater recruit-
ment [29] and better outcome [30]. It is worth emphasizing
that CO2 clearance, as assessed by physiological dead
space, is related to structural lung alterations [31] and final
outcome [32] far more than oxygenation impairment.

Prone position and lung mechanics

Total respiratory system

The immediate effects of prone positioning are on the
chest wall as, for anatomical reasons, its dorsal part is
stiffer than the ventral part. The use of supports to ensure
a free abdomen in the prone position, although theoreti-
cally interesting, was useless in adults, where gas
exchange and chest wall mechanics were similar with or
without supports [33]. In children, however, supports
gave different results [34]. Given the decrease of chest
wall compliance in prone position [35, 36], if lung com-
pliance stays the same, the total respiratory system
compliance decreases. However, if the lung compliance
increases because of lung recruitment, the total

respiratory system compliance may stay constant or even
increase depending on the extent of recruitment. Stiffen-
ing the thoracic part of the chest wall may increase the
distribution of the tidal volume toward the diaphragmatic
regions of the lung, as opposed to what happens in the
supine position.

Prone position and stress/strain distribution

The main reason why the prone position should affect the
outcome, beyond the rescue of oxygenation impairment,
is that it should make mechanical ventilation less dan-
gerous, reducing the likelihood of ventilator-induced lung
injury. In the article in Anesthesiology, we showed that
inflation is more homogeneous in the prone than in the
supine position. Figure 1 shows that normal subjects had
a ventral gas:a tissue ratio in supine position of 6, and this
decreased almost linearly down to 2.5 in the dorsal
regions. If we accept that the ventral and dorsal paren-
chymas of the lung are similar, this means that the forces
applied to distend the ventral regions are twice those
applied to the dorsal ones, i.e., their strain is double and
consequently their stress too. In the prone position the
gas:tissue ratio does not exactly mirror the supine distri-
bution, suggesting that forces other than gravitational are
operating, too. In spite of this, the gas:tissue ratio in the
dorsal, now non-dependent regions was 4.5 compared to
3.5 in the ventral regions, now dependent. Consequently,
the regional difference in baseline stress and strain is
much less in the prone position compared to the supine
position.

In ARDS patients, the distribution of stress and strain
is similar to that of normal subjects even though in gen-
eral the gas:tissue ratio is lower because of the increased
lung mass. More homogeneous inflation distribution in
prone patients has been reported by various investigators
[37, 38] and using techniques different from CT scans
[23]. If the baseline parenchyma condition is more
homogeneous in prone position and, in addition, prone
position is associated with greater recruitment (more open
alveoli), it follows that the ventilation is less harmful as
stress and strain are more evenly distributed throughout
the lung parenchyma. Animal experiments clearly showed
that mechanical ventilation in the prone position causes
less lung damage than in the supine position [39–42], or at
least delays its appearance.

Prone position: clinical studies

A number of large studies (Table 1) and meta-analyses
[43–45] have been dedicated to this aspect of respiratory
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therapy. In the first randomized study, which compared
the prone to supine position, published in 2001 but
designed at least 4 years earlier (Table 2), better outcome
was only expected on the basis of the assumption that
better oxygenation would be associated with better out-
come [46]. Nowadays, this approach clearly seems naı̈f,
but at that time, concepts such as biotrauma, the lack of
correspondence between oxygenation and outcome, lung
protective strategies and the whole philosophy of those
protective strategies were in their ‘‘infancy’’ or not even
born. This first study, although confirming the possible
effects of prone position on oxygenation, with marginal
side effects, did not find any outcome benefits. However,
with all the limitations of post hoc analysis, it was clear
that in the most severe ARDS cases (a quartile of lowest
PaO2/FiO2 corresponding to the current definition of
severe ARDS), the mortality rate was almost half in the
prone compared to the supine position. In subsequent
years, accumulating evidence of the benefits of gentle
treatment of the baby lung, experimental evidence indi-
cating less ventilator-induced lung injury in different
animals treated in prone compared to supine position and
clinical suggestions of benefits—while not reaching sta-
tistical significance [47]—led us to design a new prone-

supine study [48]. The rationale shifted from oxygenation
to lung protection by a more homogeneous distribution of
stress and strain, which should make the mechanical
ventilation less harmful. Mechanical ventilation parame-
ters were controlled and the time allowed in prone
position was no longer limited to a few hours per day but
as long as 20 h. The results, however, did not show a
significant benefit on outcome, although post hoc analysis
nevertheless indicated advantages of the prone position in
severe ARDS.

A large French study including not only ARDS but
also hypoxemic respiratory failure once again proved
beneficial effects on oxygenation but not on mortality
[49]. However, a meta-analysis [43] and an individual
patient study [44] collecting the main studies published at
the time clearly suggested some survival advantage in
severe ARDS, as defined by a PaO2/FiO2 ratio lower than
100 mmHg.

Finally, at the time of this writing, Guerin et al. [50]
have provided the first randomized trial showing an
impressive survival benefit—about 50 %—in patients
included with PaO2/FiO2 lower than 150 mmHg, FiO2 at
least 0.6, PEEP at least 5 cm H2O and tidal volume close
to 6 ml per kilogram of predicted body weight.

Conclusion

We believe that few therapeutic adventures in critical care
such as the prone position in ARDS have had such a
meaningful and logical course. Everything started with a
chance observation. CT scans provided a strong anatom-
ical and pathological background for understanding the
effects of the prone position on making mechanical ven-
tilation less harmful. A series of increasingly refined
randomized trials and meta-analyses strongly indicated

Table 1 Notable features of the largest randomized clinical trials investigating the effect of prone positioning on the outcome of patients
with hypoxemic acute respiratory failure

Gattinoni
et al. [46]

Guerin et al. [49] Mancebo et al. [47] Prone-Supine
Study II, [11]

Guerin et al. [50]

Patients 304 791 136 342 466
Enrollment

period
1996–1999 1998–2002 1998–2002 2004–2008 2008–2011

Enrollment rate 0.28 pts/ICU/
m

0.79 pts/ICU/m 0.24 pts/ICU/m 0.26 pts/ICU/
m

0.39 pts/ICU/m

Enrollment
criteria

ALI/ARDS
with PEEP
C5

Hypoxemic acute respiratory
failure (413 ALI/ARDS
pts)

ARDS with four-
quadrant infiltrates
at CXR

ARDS with
PEEP C5

ARDS with PaO2/FiO2

\150 mmHg

Last follow-up At 6 months At 3 months At hospital discharge At 6 months At 3 months
Actual duration

of prone
position

7 h for
4.7 days

8.6 h for 4.1 days 17 h for 10.1 days 18 h for
8.3 days

17 h/session for an average
number of sessions equal to
4 ± 4

ALI acute lung injury, ARDS acute respiratory distress syndrome, CXR chest X-rays, ICU intensive care unit, m month, PEEP positive
end-expiratory pressure, pts patients

Table 2 Data conception of prone supine studies I and II

Prone RCT I (1994) [46] II (2003) [48]

ICU 30 25
Rationale Better gas exchange Lower stress/strain
Enrollment 304 pts, 0.28 pt/ICU/m,

35 months
344 pts, 0.26 pt/ICU/m,

53 months
Treatment 6 h/day (10 days)

Unchanged MV
20 h/day (no limit)
MV Protocol-guided

Data
analysis

Single study Single study ? pre-planned
pooled analysis

ICU intensive care unit, m month, MV mechanical ventilation, pt
patient, pts patients
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that we can expect a 10 % survival advantages in the
patient population with severe ARDS treated in prone
position. Finally, a clear-cut randomized trial—by Guerin
et al.—completed this 30-year course showing unques-
tionable survival advantages. We can now recommend the

prone position as an effective routine tool in severe ARDS
patients.

Conflicts of interest None.
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